NorA, a multidrug efflux pump in Staphylococcus aureus, protects the cell from multiple drugs, including quinolones. The flqB mutation (T3G) in the 5 untranslated region upstream of norA causes norA overexpression of 4.9-fold in cis, as measured in norA::blaZ fusions. The transcriptional initiation site of norA was unchanged in mutant and wild-type strains, but the half-life of norA mRNA was increased 4.8-fold in the flqB mutant compared to the wild-type strain. Computer-generated folding of the first 68 nucleotides of the norA transcript predicts an additional stem-loop and changes in a putative RNase III cleavage site in the flqB mutant.
Bacterial and eukaryotic cells typically contain an array of membrane transport systems involved in vital roles in maintenance of cellular homeostasis. Of these transporters, multidrug resistance (MDR) efflux systems, which confer resistance to structurally dissimilar toxic compounds, present a clinical threat, since their acquisition or increased expression may decrease susceptibility to a broad spectrum of chemotherapeutic agents, including antibiotics (19) .
Staphylococcus aureus is an important pathogen and has a chromosomally encoded MDR pump, NorA. This pump protects the cell from quinolones such as norfloxacin as well as from ethidium bromide and cetrimide (15, 16) . We have previously shown that the regulation of norA expression is complex and includes a two-component regulatory system, ArlSArlR, and specific binding of an 18-kDa protein to the norA promoter (5) . Many details of the regulation of norA expression, however, remain unclear.
The flqB mutation (T3G) located upstream of the norA gene increases resistance to fluoroquinolones (16) . In Staphylococcus aureus MT23142 (flqB), steady-state levels of norA mRNA are substantially greater than those in the wild-type strain ISP794 (16) . It has been speculated that this mutation modifies a perfect inverted repeat sequence that may alter the binding of a regulatory protein (11) , but a previous study in our laboratory showed no evidence for specific protein binding to this DNA region (5) . Thus, the mechanism by which the flqB mutation increases norA expression remains unknown.
In order to understand the mechanism of the flqB mutation, we first constructed translational and transcriptional fusions of DNA sequences upstream of norA to the blaZ gene, which encodes staphylococcal ␤-lactamase (Fig. 1 , Table 1 ). The promoter containing the flqB mutation (pBF1) produced increased ␤-lactamase activity for both the translational (4.5-fold; compare pBF1 and pBF2, Table 2 ) and transcriptional (4.9-fold; compare pBF8-30 and pBF7-7, Table 2 ) fusions. These differences could not be attributed to differences in plasmid copy number because the chloramphenicol acetyltransferase activity encoded by the plasmid-borne cat gene and measured in crude extracts of S. aureus prepared by lysis with lysostaphin (80 g/ml for 30 min at 37°C) (5, 17) did not differ between the two constructs (data not shown). These findings confirmed the previous Northern blot analysis, indicating a higher level of norA mRNA in the flqB mutant (16) ( Table 2) . The flqB mutation also appears to act entirely in cis, since the ␤-lactamase activity of pBF8-30 in strains MT23142, containing the chromosomal flqB mutation (16) , and ISP794 (wild type) did not differ (data not shown).
To determine if the flqB mutation resulted in a new and stronger promoter, we next determined the transcriptional start site of norA mRNA in ISP794(pBF8-30) (wild type) and MT23142 (pBF7-7) (flqB mutant), using the Promega primer extension system according to the manufacturer's instructions. For both the wild-type and flqB promoters, the transcriptional start site was assigned to an A residue at a position 93 nucleotides upstream of the ATG translational start codon and 7 nucleotides downstream of the putative Ϫ10 consensus sequence (Fig. 2) .
This promoter assignment was confirmed by construction of two additional transcriptional fusions, one lacking the region just upstream of the promoter (plasmid pBF15-5, Fig. 1 ) and the other lacking the 5Ј untranslated region (UTR) of norA mRNA just downstream of the transcription initiation site (plasmid pBF5-10, Fig. 1 ). The ␤-lactamase activity of strains carrying pBF15-5 and pBF5-10 was similar or decreased 2.5-fold relative to that of pBF8-30 carrying the wild-type promoter, respectively ( Table 2 ). The ␤-lactamase activity of pBF5-10, however, was higher than that of the control carrying the plasmid without any promoter ( Table 2 ), suggesting that the norA promoter was still expressed. These results are consistent with the localization of the promoter indicated in Fig. 1 and further indicate that the flqB mutation does not generate a new transcriptional start site.
Because the flqB mutation was localized to the 5Ј UTR upstream of norA, a region that has been shown in E. coli to affect mRNA stability, we measured the stability of norA mRNA by assessing its levels in ISP794 (wild type) and MT23142 (flqB) after addition of rifampin (200 g/ml) to stop new RNA synthesis. RNA levels were determined both by reverse transcription-PCR (RT-PCR) using the SuperScript One-Step RT-PCR (Gibco-BRL) and by Northern analysis (Fig. 3) . Total RNA was extracted using the SNAP total RNA FIG. 1. Maps of the 5Ј segments of the norA variants examined in this study. Solid line, full-length or truncated norA 5Ј UTR: wavy line, truncated bla 5Ј UTR. Translated mRNA segments encoding the NorA protein (solid boxes) or the ␤-lactamase protein (hatched boxes) are also indicated. The numbers refer to the position of the base pairs used in the cloning to contruct the fusions (the numbering is that of Yoshida et al. [29] ). The circled base is the flqB mutation. The Ϫ35 and Ϫ10 consensus sequences are boxed. The transcription initiation site is indicated by an arrow. mRNA was extracted using the RNeasy miniprep kit (Qiagen) and concentrated in a vacuum dessicator after addition of a 10% volume of ethanol, as needed. kit (Invitrogen Inc.) and quantified spectrophotometrically. The RT-PCR used 16S RNA as standard RNA and norA mRNA as target RNA. Because of the low levels of norA mRNA in ISP794, 35 cycles of amplification were needed to produce a measurable signal in the linear range, and input RNA from MT23142 was adjusted to allow the same conditions to be used for reactions for both strains. Under the conditions of RT-PCR used, the levels of product DNA were found to be linearly related to the input RNA. The estimated half-life of norA mRNA was 7 min for ISP794 and 34 min for MT23142. Thus, the norA mRNA half-life was increased 4.8-fold in the flqB mutant ( Fig. 3A and B) , indicating that this mutation increases mRNA stability. These differences in mRNA stability were confirmed by Northern hybridization analysis using the norA gene as a probe (Fig. 3C ).
Computer-predicted folding of the region between the tran-FIG. 2. Localization of norA transcription initiation sites by primer extension analysis. Lanes A, C, G, and T represent a sequencing ladder with the same primer. The sequence shown on the left corresponds to the deduced noncoding strand (the Ϫ10 consensus sequence of the promoter is boxed, and the transcription start site is underlined). The position of the transcription initiation sites is indicated by an arrow. The weak transcription start site of ISP794 was determined using a phosphoimager and is shown on the right with that of MT23142. (Fig. 1) were amplified by PCR, cloned into pGEM3-zf(ϩ) (Promega), and then subcloned into the KpnI and PstI sites of pWN1818 or pWN2018 (27) . The plasmid inserts were then sequenced, and the plasmids were introduced by electroporation first into S. aureus RN4220 (12) and then into strain ISP794 (24), using selection with chloramphenicol (20 g/ml). ␤-Lactamase activity was measured at room temperature (10) in whole-cell cultures grown in trypticase soy broth at 37°C.
b ␤-Lactamase activities (in units per gram of proteins) are the mean values Ϯ standard deviations for at least three different determinations. c ␤-Lactamase activities were normalized to that of the wild-type promoter for both fusions.
scriptional start site and the Shine-Dalgarno sequence of the norA leader mRNA of strain ISP794 (wild type) showed an RNA hairpin structure in the 5Ј UTR, whereas that of the flqB mutant showed an additional hairpin (Fig. 4) . The flqB mutation modified a U-A pair, creating the new stem-loop, and was predicted to be more stable (Ϫ8.8 kcal) than the structure predicted in the wild type (Ϫ7.4 kcal). A putative RNase III cleavage site (CAUG) was present in the 5Ј UTR (Fig. 4) . Although cleavage sites for RNase III in S. aureus have not been defined, in Bacillus subtilis this sequence has been shown to be a target for RNase III (13, 20) .
To estimate the effect of the flqB mutation on norA expression in Escherichia coli, we compared the MICs of ampicillin and the ␤-lactamase activities for E. coli strains carrying pBF8-30 (wild type) and pBF7-7 (flqB mutation); both measures were similar for the two constructs and higher (16-to 14-fold) than those for the vector plasmid alone ( Table 3 ), indicating that the flqB mutation did not affect the efficiency of the E. coli transcriptional machinery.
The flqB mutation resides in the 5Ј UTR of the norA gene and increases norA expression in cis. Mutations in this region have been associated with increased promoter expression in the has gene of Streptococcus pyogenes (1) , an increase that was postulated to be due to increased efficiency of formation of the RNA polymerase-DNA complex (23) . The flqB mutation also FIG. 3 . Determination of norA mRNA stability. (A) Agarose gel with RT-PCR, which were performed using total cellular RNA extracted from strains ISP794 (wild type) and MT23142 (flqB mutant) after addition of rifampin (200 g/ml) at time zero (cells grown to OD 600 of 0.6) for both strains. Primers for norA mRNA (5Ј-AGA AAC TTT TTA CGA ATA TT-3Ј and 5Ј-TGA CAC TGA AAA CAA AAT TA-3Ј) generated a 250-bp fragment. We used 0.2 M each primer, 2 U of reverse transcriptase-Taq mix, and 4 g of total RNA for ISP794 or 2 g of total RNA for MT23142 for norA mRNA amplification. RT-PCR running conditions were one cycle of 45 min at 40°C, 35 cycles of 1 min at 94°C, 1 min at 40°C, and 1 min at 72°C, and one cycle of 10 min at 72°C (6, 14) . (B) Semilogarithmic graph of mRNA concentration as a function of time (expressed as percent of amount at time of addition of rifampin). Densitometric analysis was performed by scanning the gel pictures and performing analysis using the publicdomain National Institutes of Health Image program (version 6.1). (C) Northern hybridization of norA mRNA. Total RNA was extracted using the SNAP Total RNA kit (Invitrogen). Times indicate time after the addition of rifampin at time 0. The norA probe used was described previously (16) .   FIG. 4 . Computer-predicted folding of the first 68 nucleotides of the norA leader mRNA of strain ISP794 (wild-type) (A) and MT23142 (flqB) (B) between the transcriptional start site and the Shine-Dalgarno sequence. RNA secondary structure of the region was analyzed using an RNA folding program available from the Microbiology website of the University of Adelaide, Adelaide, Australia (http://www. microbiology.adelaide.edu.au). Location of the mutation (U3G) is indicated by a star. The putative RNase III cleavage site is boxed.
specifically transforms the sequence TTTTT to TTGTT (Fig.  1) , suggesting the possibility that the mutation interrupts reiterative transcription that is due to slippage of RNA polymerase on a homopolymeric region of nascent transcript (8) . We, however, found no effect of supplemental UTP in high concentrations on the norA expression measured from the plasmid fusions (data not shown), conditions that decrease expression of other promoters (principally those involved in pyrimidine metabolism) affected by reiterative transcription (8, 26) . In addition, norA expression from plasmid pBF5-10, which lacked the TTTTT sequence, was not increased, as would be predicted for a reiterative transcriptional mechanism.
Our data, however, argue, in contrast, that increased norA expression in the flqB mutant is due to increased stability of norA transcripts resulting from altered secondary structure of the 5Ј UTR of norA transcripts. Although, as yet, we have no direct data to confirm the computer-predicted RNA secondary structures, they are consistent with findings in studies in E. coli in which stem-loop structures of this type in the 5Ј UTR affect RNA stability (4, 22) and involve RNase E (2, 7, 9). In B. subtilis, which lacks RNase E, RNase III may be involved in RNA turnover (18, 28) , suggesting that the predicted RNase III cleavage site upstream of norA that is affected by additional stem-loop in the flqB mutant may be relevant for mRNA stability in S. aureus, as has been shown in B. subtilis (13, 20, 22) . Furthermore, the greater proximity of the second stem-loop to the 5Ј end of the norA transcript in the flqB mutant is consistent with such structures providing greater stability to mRNAs in E. coli (21) . Interestingly, although norA expressed in E. coli could be due to recognition of the same promoter as in S. aureus (25) , the flqB mutation appears to have no effect on expression in E. coli, suggesting that RNA degradation pathways relating to RNase III differ in the two species (3, 20, 28) . a Cells containing the specified plasmids were grown in LB broth and sonicated prior to determination of ␤-lactamase activity, which was assayed as specified in Table 2 , footnotea.
b MIC of ampicillin, determined on Mueller-Hinton agar. c MICs and ␤-lactamase activities were normalized to that of the strain carrying the vector alone.
d ␤-Lactamase activities are expressed in units per milligram of proteins and are the means Ϯ standard deviations of at least three determinations.
